Purpose: Massive small bowel resection (SBR) results in villus angiogenesis and a critical adaptation response within the remnant bowel. Previous ex vivo studies of intestinal blood flow after SBR are conflicting. We sought to determine the effect of SBR on intestinal hemodynamics using photoacoustic microscopy, a noninvasive, label-free, high-resolution in vivo hybrid imaging modality. Methods: Photoacoustic microscopy was used to image the intestine microvascular system and measure blood flow and oxygen saturation (SO 2 ) of the terminal mesenteric arteriole and accompanying vein in C57BL6 mice (n = 7) before and immediately after a 50% proximal SBR. A P value of less than .05 was considered significant. Results: Before SBR, arterial and venous SO 2 were similar. Immediately after SBR, the venous SO 2 decreased with an increase in the oxygen extraction fraction. In addition, the arterial and venous blood flow significantly decreased. Conclusion: Massive SBR results in an immediate reduction in intestinal blood flow and increase in tissue oxygen utilization. These physiologic changes are observed throughout the remnant small intestine. The contribution of these early hemodynamic alterations may contribute to the induction of villus angiogenesis and the pathogenesis of normal intestinal adaptation responses.
Short gut syndrome is a condition of high morbidity and mortality within the pediatric population and results primarily from massive intestinal loss. After a massive small bowel resection (SBR) in both animal models and humans, a critical adaptation response occurs within the remnant bowel and is characterized by significant increases in villus height and crypt depth, resulting in increased absorptive mucosal surface area to compensate for the attenuated bowel length [1] [2] [3] .
Angiogenesis has long been recognized as important in states of cellular proliferation [4, 5] . The contribution of villus angiogenesis to intestinal adaptation has recently been demonstrated. Proangiogenic growth factor supplementation has been shown to enhance intestinal mucosal growth [6] , and inhibition of vascular endothelial growth factor has resulted in a decreased adaptive response after intestinal loss [7] . Our laboratory has previously established an increased villus capillary density on postoperative day 7 in mice that have undergone massive SBR [8] . This is preceded on postoperative day 3 by an increase in the gene expression of proangiogenic chemokine ligand 5 [9] . The exact stimulus for these proangiogenic changes as well as the acute alterations in intestinal hemodynamics after SBR are presently unknown.
Previous ex vivo studies of intestinal blood flow at late time-points after SBR are conflicting. Studies using intravascular injections of radioactive particles and measurement of radioactivity from harvested tissue as surrogate markers for blood flow have demonstrated increased blood flow after SBR distal to the site of intestinal anastomosis as soon as 24 hours after resection; however, the duration of this hyperemic response has been variable [10] [11] [12] . In addition, these studies did not measure other parameters of hemodynamics, including oxygen saturation of hemoglobin (SO 2 ). No prior studies have measured hemodynamic parameters within the remnant gut immediately after bowel resection using an in vivo, real-time imaging system with endogenous contrast.
To overcome the limitations of the imaging tools used in prior studies, we sought to determine the effect of SBR on intestinal hemodynamics using photoacoustic microscopy (PAM), a noninvasive, label-free, high-resolution hybrid imaging modality. Photoacoustic microscopy takes advantage of both rich optical absorption contrast and weak ultrasonic scattering, and thus yields high-contrast images with relatively deep penetration [13] . By spectrally unmixing contributions from various endogenous or exogenous chromophores, PAM is capable of anatomical, functional, and molecular imaging [13, 14] . In particular, because of the excellent signal-to-noise ratio provided by hemoglobin, hemodynamic parameters such as vessel density, vessel length, vessel tortuosity, total hemoglobin concentration, SO 2 , blood flow rate, and metabolic rate of oxygen have been measured by PAM [15] [16] [17] [18] [19] [20] [21] [22] [23] . With the help of PAM, a better understanding of the acute hemodynamic changes after SBR may further elucidate a mechanism for villus angiogenesis and the pathogenesis of intestinal adaptation.
Materials and methods

Experimental design
A protocol for this study was approved by the Washington University Animal Studies Committee (no. 20090275) in accordance with the National Institutes of Health laboratory animal care and use guidelines. Mice underwent either 50% proximal SBR (n = 7) or sham (enterotomy alone) (n = 7) procedure as previously described [1] . Photoacoustic microscopy measurements of the terminal mesenteric arteriole and accompanying vein vessel diameter, blood flow, and oxygen saturation were obtained at 6 cm proximal to the ileal-cecal junction (ICJ) and at 12 cm proximal to the ICJ on the serosal surface of the intestine both before and immediately after the procedure.
Experimental animals
Male mice (C57BL/6; Harlan Laboratories, Inc, Indianapolis, IN) age 8 to 15 weeks were used in this study. Mice were kept on a 12-hour light-dark cycle and housed in a standard facility. The mice were given free access to standard rodent food pellets and water up until the time of the procedure.
Operative technique
Mice underwent 50% proximal SBR or sham (enterotomy alone) as previously reported [1] with the exception that no reanastamosis was performed. Briefly, a midline laparotomy was made, and the bowel was exposed for photoacoustic measurements. Mice that underwent SBR had transection of the bowel at 12 cm proximal to the ICJ and at 1 to 2 cm distal to the ligament of Treitz. The mesentery of the intervening bowel was ligated with a silk tie, and the intervening bowel was removed. In mice that underwent the sham procedure, the bowel was transected only at 12 cm proximal to the ICJ.
Intestinal SO 2 and blood flow measured by PAM
A newly developed fast voice-coil scanning PAM (VC-PAM) was used throughout this study [16] (Fig. 1) . Briefly, short laser pulses are focused into the tissue by a set of optical lenses. The resulting photoacoustic signals are detected by an ultrasonic transducer (V2022 BC, Olympus NDT) placed confocally with the optical lens. The whole scanning probe is driven by a voice-coil linear translation stage (VCS-1010; Equipment Solutions, Sunnyvale, CA).
The VC-PAM has been demonstrated to be capable of realtime imaging with capillary resolution (transverse: 3.4 μm, axial: 15 μm). An imaging depth of more than 1.2 mm has been achieved in biologic tissue. The imaging system is capable of scanning at 20 Hz over a 9-mm range and up to 40 Hz over a 1-mm scanning range.
During the experiment, mice were anesthetized with isoflurane (E-Z Systems; Euthanex, Bethlehem PA) and placed in a supine position on a heating pad (37°C). A midline laparotomy was performed, and the entirety of the small bowel was exposed. The terminal mesenteric artery and accompanying vein at a point approximately 6 cm and 12 cm proximal to the ICJ were identified. Baseline SO 2 was measured at both locations on a 1 × 4-mm 2 area containing such vessel pairs at 2 optical wavelengths of 532 nm and 560 nm using a previous publish method [20] . Baseline blood flow speed measurement was then performed at both locations across the proximal end of the vessel in M-mode using a bandwidth-broadening-based method [18, 19] . The laser repetition rate was 10 kHz, and 4000 A-lines were acquired at each position. The area of the bowel not being measured was kept moistened with a normal saline-soaked gauze pad. The animal then underwent SBR or sham procedure. After the procedure, the same artery and vein pairs at 6 cm and 12 cm proximal to the ICJ were imaged with SO 2 and blood flow measurements recorded. After all measurements, the animal was killed via cervical dislocation.
Statistical analysis
All the photoacoustic data processing was conducted using MATLAB (R2008a; MathWorks, Natick, Massachusetts). Quantitative values are presented as mean ± SEM. An unpaired Student's t test was used for comparisons between all measurements. A P value less than .05 was considered to be statistically significant. The Sigma Stat statistical package (SPSS, Chicago, IL) was used for all statistical analyses.
Results
A total of 7 mice underwent the SBR procedure with post-SBR measurements and 7 mice underwent the sham procedure with postsham measurements. The presented preoperative data (n = 7) represent that, of the SBR group, only as variability in the preoperative measurements among all animals was minimal. Only data from the measurements recorded at 6 cm proximal to the ICJ are presented as this midremnant bowel location best represents the hemodynamic changes throughout the entire remnant small bowel. In all cases, the 6 cm measurement agreed with the trend from measurement at the 12 cm proximal to the ICJ location.
Arterial and venous oxygen saturation
Before SBR, arterial and venous oxygen saturations (%) were similar (0.98 ± 0.01 arterial pre vs 0.98 ± 0.02 venous pre at 6 cm, P = .70). Immediately after SBR, the arterial oxygen saturation decreased (0.98 ± 0.01 pre-SBR vs 0.84 ± 0.06 post-SBR at 6 cm, P b.05). This trend toward decrease in arterial oxygen saturation was also observed after sham (0.98 ± 0.01 presham vs 0.95 ± 0.01 postsham at 6 cm, P value = .06; Fig. 2A ). Venous oxygen saturation dramatically decreased immediately after SBR (0.98 ± 0.02 pre-SBR vs 0.66 ± 0.05 post-SBR at 6 cm, P value:b .001). This decrease in venous oxygen saturation was also observed to a lesser degree after sham (0.98 ± 0.02 presham vs 0.86 ± 0.02 postsham at 6 cm, P value b.001) (Fig. 2B) .The difference between arterial and venous oxygen saturation post-SBR and postsham was statistically significant, with the venous oxygen saturation decreasing to a greater extent than the arterial (P value b.05). The pronounced difference in arterial and venous oxygen saturation preoperative and post-SBR is demonstrated in Fig. 3. 
Tissue oxygen extraction
Tissue oxygen extraction fraction (OEF) represents the fraction of O 2 molecules that cross the capillary wall. We found that OEF dramatically increased post-SBR (0.01 ± 0.01 pre-SBR vs 0.21 ± 0.04 post-SBR at 6 cm, P b .001). Oxygen extraction fraction also increased postsham (0.01 ± 0.01 presham vs 0.09 ± 0.02 postsham at 6 cm, P b.05); however, the increase in OEF post-SBR was significantly greater than postsham (0.21 ± 0.04 post-SBR vs 0.09 ± 0.02 postsham, P b .05). (Fig. 4). 
Arterial and venous blood flow
After SBR, the arterial blood flow decreased (7.6 ± 1.5 mm/s arterial pre-SBR vs 2.6 ± 0.55 mm/s post-SBR at 6 cm, P b .05). No change in arterial blood flow was observed in the sham group (7.6 ± 1.5 mm/s arterial presham vs 7.7 ± 0.6 mm/s postsham, P = .93) (Fig. 5A) .
Venous blood flow also decreased after SBR (4.0 ± 0.7 mm/s venous pre-SBR vs 1.6 ± 0.5 mm/s venous post-SBR at 6 cm, P b.05). No change in venous blood flow was (Fig. 5B ).
Discussion
Small bowel resection results in villus angiogenesis and intestinal adaptation [8] . Although previous studies have attempted to measure changes in blood flow after SBR using ex vivo methodologies and surrogate markers of blood flow, this is the first study to examine the effects of intestinal resection on hemodynamics using an in vivo imaging modality [10] [11] [12] .
The present study demonstrates that PAM is a useful tool for measuring intestinal hemodynamics. The use of hemoglobin as endogenous contrast eliminates the potential disturbance to the intestinal system induced by exogenous contrast. High spatial resolution enables microenvironmental studies down to the level of the capillaries. The spatial resolutions of PAM can also be scaled for deeper tissue imaging [13] . Real-time imaging ability provides for acute response monitoring. In addition, the minimum invasiveness of PAM enables longitudinal studies on the same animal.
The results of the present study demonstrate that at baseline, before intervention, arterial and venous SO 2 of the terminal mesenteric artery and accompanying vein are similar. Previous ex vivo studies of intestinal SO 2 using radioactive microspheres have demonstrated a significant difference between arterial and venous SO 2 in both the fasting and the fed state of other animal models. Stevenson and Weiss [24] record in rats a 93.7% fasted arterial SO 2 in comparison with a 35.8% fasted venous SO 2 ; fed arterial and venous SO 2 were respectively similar. Other studies have demonstrated increased tissue oxygen uptake in piglets after oral feeds [25] . In the present study, animals were not fasted before measurement, but given free access to standard rodent chow, making the timing of the animal's last meal a variable factor. However, given the minimal variability in the preoperative measurements of both blood flow and oxygen saturation, this appears to have had minimal effect. Although this contradicts previous ex vivo studies in other animal models, our in vivo results suggest either a high physiologic reserve in mice and/or left-to-right shunting within the intestinal wall even with a metabolically active state.
Immediately after SBR, hemodynamic changes occur consistent with a reduced oxygen delivery. Venous SO 2 drops dramatically post-SBR. A less dramatic decrease in venous SO 2 also occurs postsham, likely related to the metabolic effects of transection alone. It is unclear at this point in time the significance of the drop in arterial SO 2 post-SBR and postsham. However, the overall oxygen extraction fraction post-SBR increases significantly, representing increased tissue oxygen utilization within the remnant bowel. Furthermore, both arterial and venous blood flow decreased post-SBR. Such decrease in blood flow was not seen postsham and likely represents an immediate reaction to ligation of 50% of the small bowel mesentery and vasculature, and not a reaction to the acute blood loss from the transected marginal artery of the intestine that occurs both post-SBR and postsham from the associated enterotomy.
Hypoxia is a well-recognized trigger of angiogenesis, resulting in the activation of hypoxia-inducible factors (HIFs), responsible for transcriptional activation of genes [26, 27] . In states of intestinal mucosal inflammation, HIFs have been shown to have a protective role. In a study by Karhausen et al [28] , transgenic intestinal epithelial overexpression of HIF-1 protected against trinitrobenzene sulfuric acid-induced colitis, whereas loss of epithelial HIF-1 resulted in increased colitis severity, weight loss, intestinal permeability, and mortality. It is plausible that cellular changes in response to hypoxia post-SBR may act in a similar manner, having a proangiogenic and protective role in the intestinal epithelium.
Previous studies of hemodynamic alterations after SBR have demonstrated a hyperemic response to SBR [10] [11] [12] ; however, the earliest time-point studied in those experiments was 24 hours after resection. In contrast, the data from this study represent changes of the intestinal microvasculature within the first hour post-SBR. It is unclear at this point in time the duration of the hypoxic changes that occur immediately after resection, but further investigation is underway to determine the changes in hemodynamics that occur as the bowel undergoes adaptation. Our laboratory's previous work has demonstrated an increased villus capillary blood vessel density within the remnant bowel on postoperative day 7 [8] . Such new blood vessel growth may be supported by increased blood flow as adaptation occurs.
Intestinal adaptation in response to massive SBR is a multifactorial process involving angiogenesis, cellular proliferation, and apoptosis. Through the use of PAM, the immediate intestinal hemodynamic changes that occur after SBR, and resultant hypoxia, are novel findings that provide possible mechanistic insight into the changes that occur within the remnant bowel within minutes of resection. The duration of intestinal hypoxia, cellular effects of such hypoxic changes, and impact on villus angiogenesis remain to be studied. A better understanding of hypoxia after SBR and the role of angiogenesis in intestinal adaptation may help in the development of future therapeutic treatments for patients with short gut syndrome. Response, DR ROWLAND: That is currently where our research is headed and hopefully you'll hear some presentations on that in upcoming meetings. We've currently only looked at what occurs in the first hour of doing the resection, but we are starting to get some data from postoperative day 1, 3, and 7, and looking at timepoints when intestinal adaptation has already occurred.
Discussant, DR CYNTHIA DOWNARD (Louisville, KY):
That's a very nice study particularly in the light of it being a functional physiologic study. I was just curious about how you actually do the measurements, and how big the mice are and how you keep them asleep and such because we've struggled in a neonatal NEC model in rats to do intravital videomicroscopy which is a very similar technique.
Response, DR ROWLAND: Our mice are anesthetized with isoflurane. During the procedure, the animal is placed on a heating pad platform. We have to expose the bowels in order to do the measurement because the machine can only penetrate to a depth of 1.2 mm. The machine itself sends laser pulses that are focused through optical lenses and sent into the tissue and then from there the hemoglobin creates a photoacoustic signal which is picked up by ultrasound transducer. After anesthetizing the mice, the midline laparotomy is performed. Their intestines are actually kept warm and soaked with warm normal saline, as well as ultrasound gel and then a water tank is placed on top of the animal that allows the photoacoustic signal to send. I can show you a quick picture of the setup of how the machine looks before we start our measurements.
Discussant, DR ERIK BARTHEL (Los Angeles):
It is impressive that you can get that sort of spatial resolution with a very noninvasive technique. Just where does this stand in terms of development for human use, because it just seems like such a slam dunk because it's very noninvasive and gives you some nice spatial and temporal resolution.
Response, DR ROWLAND: I think there are many applications for human use. I'm going to speak on behalf of Dr Wang in Biomedical Engineering because this is obviously his invention, and I know right now this is a research grade model but they have hopes to move this into more of an industrial grade machine that would have a lot of uses both in and out of the operating room. There are a lot of applications to this with tumor angiogenesis as well as conditions like NEC or sepsis.
Discussant, DR ANDREA HAYES-JORDAN (Houston, TX):
A very nice presentation and very nice work. At the end of the presentation, you alluded to a possible contribution of angiogenesis. Have you looked at any microscopic sections to see how the pericytes and the perivascular cells contribute to this response?
Response, DR. ROWLAND: Our previous work in the laboratory in demonstrating villus angiogenesis was done using a FITC-labeled dextran angiography model, which was able to highlight the microvasculature of the villi. As well, we've done some anti-CD31 staining and other markers for endothelial cells. In terms of looking at pericytes, specifically, we have not done that. We are starting to focus more of our work on hypoxia-inducible factors and how gene expression might be regulated after a small bowel resection in terms of stimulating an adaptation response.
